Gametocytes are nonreplicative sexual forms that mediate malaria transmission to a mosquito vector. They are generated from asexual blood-stage parasites that proliferate in the circulation. However, little is known about how this transition is genetically regulated. Here, we report that an Apetala2 (AP2) family transcription factor, AP2-G2, regulates this transition as a transcriptional repressor. Disruption of AP2-G2 in the rodent malaria parasite Plasmodium berghei did not prevent commitment to the sexual stage but did halt development before the appearance of sex-specific morphologies. ChIP-seq analysis revealed that AP2-G2 targeted ∼1,500 genes and recognized a five-base motif in their promoters. Most of these target genes are required for asexual proliferation of the parasites in the blood, suggesting that AP2-G2 blocks the program that precedes asexual replication to promote conversion to the sexual stage. Microarray analysis showed that the identified targets constituted ∼70% of the up-regulated genes in AP2-G2-depleted parasites, suggesting that AP2-G2 actually functions as a repressor in gametocytes. A promoter assay using a centromere plasmid demonstrated that the binding motif functions as a cis-acting negative regulatory element. These results suggest that global transcriptional repression, which occurs during the initial phase of gametocytogenesis, is an essential step in Plasmodium sexual development. malaria | sexual development | transcription factor | gametocytogenesis
Gametocytes are nonreplicative sexual forms that mediate malaria transmission to a mosquito vector. They are generated from asexual blood-stage parasites that proliferate in the circulation. However, little is known about how this transition is genetically regulated. Here, we report that an Apetala2 (AP2) family transcription factor, AP2-G2, regulates this transition as a transcriptional repressor. Disruption of AP2-G2 in the rodent malaria parasite Plasmodium berghei did not prevent commitment to the sexual stage but did halt development before the appearance of sex-specific morphologies. ChIP-seq analysis revealed that AP2-G2 targeted ∼1,500 genes and recognized a five-base motif in their promoters. Most of these target genes are required for asexual proliferation of the parasites in the blood, suggesting that AP2-G2 blocks the program that precedes asexual replication to promote conversion to the sexual stage. Microarray analysis showed that the identified targets constituted ∼70% of the up-regulated genes in AP2-G2-depleted parasites, suggesting that AP2-G2 actually functions as a repressor in gametocytes. A promoter assay using a centromere plasmid demonstrated that the binding motif functions as a cis-acting negative regulatory element. These results suggest that global transcriptional repression, which occurs during the initial phase of gametocytogenesis, is an essential step in Plasmodium sexual development. malaria | sexual development | transcription factor | gametocytogenesis G ametocytes are the nonreplicative sexual form of malaria parasites that mediate the transmission of malaria parasites to a mosquito vector. They are derived from a small proportion of the asexual blood-stage parasites that are committed to this stage and develop into mature males and females in the circulation. The generation of gametocytes is the initial step in malaria transmission to a mosquito vector and in the onset of a new reproductive cycle for Plasmodium parasites, which corresponds to germ-line formation in metazoan organisms. However, it is still unclear how this conversion is genetically regulated.
The Apetala2 (AP2) family is the sole family of sequencespecific transcription factors that has been identified in the Plasmodium species, in which 26-27 members of the family have been identified (1, 2) . Some members of the family are expressed in a stage-specific manner during the life cycle and play critical roles in the development of relevant stages (3) (4) (5) . In asexual blood stages, this family of transcription factors is expressed in a cell cycle-specific manner (1, 6) , suggesting important roles in promoting the progress of this replication cycle. Recently, two AP2 family transcription factors, AP2-G and AP2-G2, have been reported to be involved in gene regulation required for gametocytogenesis. AP2-G disruptants completely lack gametocytes (7, 8) , indicating that this transcription factor acts as a switch for commitment to sexual development. AP2-G2 disruptants almost completely lack mature gametocytes (8) , suggesting that this transcription factor plays a critical role in the production and maturation of gametocytes. These studies suggest that gametocytogenesis in malaria parasites is regulated by a cascade of AP2 family transcription factors starting with AP2-G.
To investigate the functions of AP2 family transcription factors in the Plasmodium life cycle, we performed a comprehensive analysis of their expression profiles by using Plasmodium berghei parasites that express GFP-tagged AP2 family transcription factors. During this analysis, we found that one P. berghei AP2 family transcription factor (PlasmoDB gene ID: PBANKA_103430, later designated as AP2-G2) was expressed in both male and female gametocytes (8) . We further investigated the expression profile and the role of this transcription factor in gametocytogenesis, and we report that AP2-G2 is a transcription factor that may induce genome-wide gene repression in the initial phase of gametocyte development.
Results
Expression of AP2-G2 in Female and Male Gametocytes. In analyses using mutant P. berghei parasites expressing GFP-tagged AP2-G2 (AP2-G2::GFP parasites; Fig. 1A and SI Appendix, Fig. S1A ), we found that AP2-G2 was specifically expressed in female and male gametocytes (Fig. 1B) . The GFP signal was solely observed in the nucleus, suggesting that AP2-G2 acts as a transcription factor in gametocytes. In a temporal profiling analysis of AP2-G2 expression using synchronized blood cultures, expression was first observed from 16 h after erythrocyte invasion (hpi) until development into mature male or female gametocytes (Fig. 1C) . The timing of expression correlated well with the onset of morphological divergence from the asexual stage (16-18 hpi), strongly suggesting that this transcription factor is involved in gametocyte-specific gene expression.
AP2-G2(−) Parasites Are Committed to the Sexual Stage but Cannot
Mature into Gametocytes. We subsequently investigated the role of AP2-G2 in P. berghei blood stages by using targeting experiments. We inserted a targeting construct into the genomic locus of AP2-G2 via double-crossover recombination ( Fig. 2A) . Two populations
Significance
In malaria parasites, gametocytogenesis is a process whereby gametocytes, the precursors of gametes, are generated from asexual blood-stage parasites. In this study, we report that the plasmodium transcriptional repressor AP2-G2 plays an essential role in this process. We found that AP2-G2 represses the genes that are required for the proliferation of the asexual stage and, thereby, supports the conversion from the asexual blood stage to the nonreplicative sexual stage. Similarly, during the initial phase of germ-line formation in metazoan animals (including insects), a master transcriptional repressor specifies primordial germ cells among embryonic cells. Thus, our findings suggest that the basic molecular mechanisms that are required to establish the germ line have been conserved in eukaryotes, despite their evolutionary divergence.
[AP2-G2(−) 1 and AP2-G2(−) 2] were obtained from independent transfection experiments. Both AP2-G2(−) parasite populations proliferated normally in the blood (SI Appendix, Fig. S2 ) but completely lacked exflagellation (SI Appendix, Tables S1 and S2). Furthermore, no oocysts were formed in the midgut of the mosquitoes after a blood meal on infected mice, indicating that these parasites cannot be transmitted to mosquitoes. Giemsa staining of blood smears revealed that mature female and male gametocytes were absent from the blood. Instead, small mononuclear cells with a faintly violet cytoplasm, similar to immature female gametocytes to some extent, were observed at a high frequency (Fig. 2B) . Crossfertilization experiments showed that they were unable to generate ookinetes, even in combination with wild-type male or female gametocytes (Fig. 2C ). These results demonstrate that AP2-G2(−) parasites lack sexually functional males and females.
AP2-G2(−) Parasites Are Determined To Become Males or Females. To determine whether the mononuclear cells observed in AP2-G2(−) parasites were derived from parasites committed to the sexual stage, AP2-G2(−) parasites were prepared in the 820cl1m1cl1 line, which expresses different fluorescent proteins in males and females (RFP in females and GFP in males) (9, 10) . Targeted disruption was performed via the same procedure as described above by using a pyrimethamine-resistant selectable marker gene ( Fig. 2A and SI Appendix, Fig. S1B ). The AP2-G2(−)820 parasites showed the same phenotype observed in the AP2-G2(−) populations prepared from wild-type parasites; i.e., they produced no mature gametocytes. Based on flow cytometric analysis, the signal strengths of both fluorescent proteins in AP2-G2(−)820 parasites were markedly lower than in the original parasites (Fig.  2D) . However, the ratio of RFP-positive to GFP-positive cells was similar between AP2-G2(−) parasites and the original parasites (0.95 and 1.16, respectively), and the two populations presented no overlap with each other (Fig. 2D) , indicating that AP2-G2(-)820 parasites commit to one sex at a sex ratio similar to that in the original 820cl1m1cl1 parasites. The main peak of side scattering in both the RFP-positive and GFP-positive populations of AP2-G2(−)820 parasites was shifted to the lower side (SI Appendix, Fig. S3 ), indicating that complexities in the cell, which are expected to correlate with gametocyte maturation, were decreased in the mutant parasites. These results indicated that the disruption of AP2-G2 did not abrogate sexual commitment or sex determination but did cause marked developmental defects in the gametocytes, together with a marked reduction of sex-specific gene expression. The phenotypes of the AP2-G2(−)820 parasites obtained in the present study and those reported by Sinha et al. were largely similar; i.e., only a small proportion of mature gametocytes was observed in the AP2-G2(−)820 parasites (8) . However, the present study showed that despite being indistinguishable from trophozoites, gametocytes were present in the AP2-G2(-)820 parasites as in the original parasites. This finding implied that disruption arrested the development of early gametocytes that had not yet manifested sex-specific morphological traits.
Down-Regulation of Hundreds of Genes in the Gametocytes of AP2-G2(−)
Parasites. To explore the target genes of AP2-G2, microarray analysis of AP2-G2(−) and wild-type parasites was performed. Rats were synchronously infected with these parasites, and blood stages were analyzed at 19 hpi, 3 h after the onset of AP2-G2 expression, when sexual stage-specific traits began to appear in (E) ChIP-qPCR was performed for three genes whose expression was downregulated in AP2-G2(−) parasites [P28, dynein heavy chain (DHC), and HAP2]. The merozoites-specific genes MSP1 and MSP7 were used as control genes that are not expressed in gametocytes.
gametocytes (Fig. 1C) . Compared with wild-type parasites, the expression levels of 354 genes were decreased in AP2-G2(−) parasites (SI Appendix, Table S3 ). These genes included almost all of those that have been shown or suggested to be expressed in male and/or female gametocytes, indicating a global reduction of the sexual stage-specific expression of genes. Following these results, we examined the direct binding of AP2-G2 to the upstream regulatory regions of these genes via chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) using AP2-G2::GFP parasites. However, in all three of the examined gametocyte-specific genes [P28, dynein heavy chain (PBANKA_050730), and HAP2/ GCS1 (generative cell-specific protein)], no clear enrichment was observed by ChIP (Fig. 2E) . In contrast, significant enrichment was detected through ChIP-qPCR for the asexual stage-specific genes merozoite surface protein (MSP) 1 and MSP7, which were used as negative controls in this analysis. These results suggested that cell damage caused by the induced disruption indirectly induces a global reduction of gene expression in early gametocytes and that other measures are required to identify the target genes of this transcription factor.
Genome-Wide Identification of the Binding Sites of AP2-G2 via ChIPseq. We aimed to identify the target genes of this transcription factor through genome-wide ChIP coupled with high-throughput sequencing (ChIP-seq) based on the binding site information for AP2-G2 in the genome. ChIP-seq was performed in AP2-G2::GFP parasites. Mice infected with these parasites were treated with sulfadiazine to kill asexual-stage parasites, and gametocytes were subjected to ChIP by using anti-GFP antibodies. The obtained DNA was sequenced with the SOLiD 5500 system, and reads were mapped onto the P. berghei genome sequence. Analysis with MACS2 (11) identified 4,398 peaks [false discovery rate (FDR) = 0.01, and fold enrichment > 2] (Fig. 3A) . In the mapped view, a clear peak was observed upstream of the two asexual stage-specific genes MSP1 and MSP7 (Fig. 3B) , consistent with the results of ChIP-qPCR (Fig. 2E ). Fisher's exact test showed that a five-base sequence, GTTG(T/C), and its reverse complementary sequence, (A/G)CAAC, were highly concentrated around the summits of these peaks ( Fig. 3C and SI Appendix, Table S4 ). When arranged according to P values, the top 20 sequences were related to this motif. Among the 4,398 peaks, 3,575 peaks harbored the motif within their calculated peak regions. The average of the distances from the identified summits to the nearest motifs was 56.0 bp (Fig. 3D) . To assess the reproducibility of the results, we performed another ChIP-seq experiment under the same conditions. In this second experiment, a similar number of peaks (4,305 peaks) were identified under the same peak calling conditions (Fig. 3A) . Fisher's exact test showed that the same five-base motif, GTTG(T/C), and its reverse complementary sequence, (A/G)CAAC, were concentrated around the summits (SI Appendix, Table S5 ). Furthermore, 3,584 peaks identified in the second experiment were located within 100 bp from a peak in the first experiment, whereas there was only one peak per ∼5,000 bp in the genome (Fig. 3E) , suggesting that these peaks are common to both conditions (80%). These results showed that the ChIP-seq peaks represented authentic binding sites of AP2-G2 in the genome.
An electrophoretic mobility shift assay (EMSA) was performed to determine whether AP2-G2 binds to the five-base motif by using the recombinant GST-tagged AP2 domain of AP2-G2 and the upstream region of MSP1 (Fig. 3F) . A band shift was observed with the original probe, which contained the motif sequence (GTTGC) and was eliminated by mutation (GTTGC to GTTCC) of the motif sequence contained within it. 1 and experiment 2) . The views were created with an integrative genomics viewer (19) . The reads were mapped on the reference sequence of P. berghei chromosome 11. (B) AP2-G2 peaks observed upstream of the MSP1 and MSP7 genes. Binding motifs (refer also to Fig. 3C ) under the summits of the peaks are indicated by arrows. The image was created by the integrative genomics viewer. (C) Motif sequence concentrated around the summits of the identified peaks. The motif sequence was illustrated with Weblogo 3 (20) . (D) Distribution of distances from the summits to the nearest motifs. The horizontal axis indicates the distance from the summit to the nearest motif sequence (the bin size is 100 bp). The vertical axis indicates the number of peaks in each region. (E) The numbers of peaks in experiment 2 (4,305 peaks) that exhibit the nearest peak in experiment 1 (4,398 peaks) within the selected distance are plotted. The plot indicates that nearly 80% (approximately 3,500) of the peaks in experiment 2 had counterparts in experiment 1 within 100 bp. (F) EMSA using the recombinant GFP-fused AP2 domain of AP2-G2. The 140-bp region upstream of the MSP1 gene, which contains the five-base motif sequence GCAAC, was used as an original probe. A mutation (GCAAC to GGAAC) was introduced to this sequence (Mut+). GST was used as a negative control. An arrowhead indicates the shifted band. (G) The group of target genes includes 1,505 members, among which 820 were functionally annotated in PlasmoDB and classified into 25 groups according to the functional annotations in PlasmoDB. In this pie graph, 10 groups are represented independently, and other minor groups were combined into a single group labeled "others". The number of members in each group is indicated on the graph. Refer to SI Appendix, Table S7 and Fig. S4 for details.
This experiment confirmed that the identified motif is the genuine binding sequence of AP2-G2.
Prediction of Target Genes. On the basis of the identified binding sites of AP2-G2, target genes were investigated. To increase accuracy, the 3,584 peaks that were common to the two experiments were used. We tentatively defined a 1.2-kbp upstream region of each gene as its regulatory sequence on the basis of our previous studies on other AP2 transcription factors (3, 4). As described subsequently, the appropriateness of this positional relationship between AP2-G2 binding sites and its target genes was further supported by microarray analysis (Fig. 4B) . This selection condition enables the prediction of 1,505 target genes (SI Appendix, Table S6 ). These genes were classified into several groups according to their putative biological functions and their expression stage in the life cycle ( Fig. 3G and SI Appendix, Table  S7 ). Gametocyte-specific genes were not included among the targets, although a small number (13; 0.1% of the target genes) of genes for zygote/ookinete and oocyst stages, which can be transcribed in female gametocytes, were identified in the targets (classified as gametocyte/ookinete/oocyst genes in SI Appendix, Table S7 ). In contrast, the targets of AP2-G2 included genes whose expression is required for asexual proliferation in erythrocytes, specifically genes for merozoite formation (such as surface proteins and rhoptry proteins) (SI Appendix, Table S8 ), genes encoding proteins targeted to the mitochondria or apicoplasts (which replicate via schizogony), genes for DNA replication and protein biosynthesis and transport, and genes that are highly expressed during the mosquito and liver stages of the lifecycle. This composition of the target genes led us to speculate that AP2-G2 acts as a repressor in gametocytes.
Up-Regulation of AP2-G2 Target Genes in AP2-G2(−) Parasites. To investigate this possibility, we screened for genes that were upregulated in AP2-G2(−) parasites by using the same microarray data. This analysis identified 164 genes that were up-regulated more than twofold in AP2-G2(−) parasites (SI Appendix, Table  S9 ). ChIP-qPCR analysis of some of the genes confirmed that AP2-G2 binds upstream of these genes (Fig. 4A) . Furthermore, among the 164 genes, 113 were included in the target genes identified through ChIP-seq (SI Appendix, Table S9 ; p = 2.7 × 10 −24 ). Additionally, binding sequences for AP2-G2 were highly enriched in the upstream regions of these 164 genes compared with those of other genes in the genome (SI Appendix, Table S10 ). These results strongly supported the hypothesis that AP2-G2 acts as a transcriptional repressor in gametocytes. However, MSP1 and MSP7 and other asexual blood stage-specific genes were rarely detected as up-regulated genes in this analysis, and the number of the identified up-regulated genes was much smaller than that of the predicted target genes (SI Appendix, Fig. S5 and Table S11 ). This observation may suggest that the expression levels of target genes in gametocytes are not high even after they are released from transcriptional repression (most likely because of a lack of transcriptional activators for these genes in gametocytes) and that transcripts derived from early schizonts, which express a number of target genes at high levels and constitute a majority of the synchronously infected parasites subjected to microarray analysis, interfere with the detection of up-regulated genes. We performed an additional microarray analysis by using parasites treated with sulfadiazine to deplete asexual-stage parasites. Despite the progress of gametocyte degeneration in AP2-G2(−) parasites during this treatment period and contamination of asexual parasites, which is unavoidable even with this treatment, 927 genes were found to be up-regulated by more than twofold in AP2-G2(−) parasites, among which 400 were included in the predicted targets (SI Appendix, Table S12, p = 1.7 × 10
−18
). The binding motif was also highly enriched in the upstream sequences of these 927 genes (SI Appendix, Table S13 ). These results again supported the stated hypothesis.
Next, we identified the locations of AP2-G2 binding sites in the upstream regions of these 164 genes, among which 130 presented AP2-G2 peak summits in their upstream intergenic regions. For 117 (90%) of these genes, the summits (correct binding motifs nearest to the summits) were located within 1,200 bp upstream of their start codons, and the majority were within 800 bp (Fig. 4B) . This result confirmed the appropriateness of the criterion that we had adopted for predicting targets (location of the start codon within 1,200 bp of the summit).
Involvement of the AP2-G2 Binding Sequence in the Suppression of Promoter Activities. All of the results described above provide strong evidence that AP2-G2 acts as a repressor of these genes. Finally, we performed a reporter assay and investigated whether the binding motif contributes to the repression of the downstream genes. In this assay, we used the centromere plasmid vector pCen-luc (5), which contains firefly luciferase as a reporter gene and Renilla luciferase under the control of the P. berghei elongation factor promoter as an internal control. We evaluated the promoter activities of two genes, liver-specific protein 2 (LISP2) and malonyl CoA-acyl carrier protein (ACP) transacylase (MCAT, PBANKA_141050), whose expression levels were up-regulated in AP2-G2(−) parasites (SI Appendix, Tables S9 and S12). The binding motif in each promoter was eliminated by a single point mutation (SI Appendix, Fig. S6 ), and the promoter activities of the mutant and the original were compared. As shown in Fig. 4 C and D , the mutated binding motifs increased promoter activity ∼3-10-fold for the MCAT promoter and 1.4-2.5-fold for the LISP2 promoter. These results showed that the motif acts as a cis-acting negative element in gametocytes.
Discussion
Here, we report that AP2-G2 is a transcriptional repressor that is essential for the early development of gametocytes. The gametocytes 
bp). (C and D)
A promoter assay was performed for the MCAT and LISP2 genes. Mice were infected with parasites transfected with the pCen construct for the promoter assay and were treated with sulfadiazine to deplete asexual stages. Three blood samples were harvested from each mouse, and luciferase activities were measured. The results were normalized to activity of the elongation factor promoter (internal control). Four biologically independent experiments were performed for each gene. Error bars represent the SEM of three samples. Values of the mutated promoter (MUT) relative to the wild-type promoter (WT) are shown.
of the AP2-G2(−) parasites diverged from the asexual stage but halted development before manifesting sex-specific features. ChIP-seq analysis showed that the targets of this transcription factor constituted 30% of the entire genome, indicating that it induced global gene repression in the early gametocytes. The list of AP2-G2 targets includes genes that are required for proliferation during the asexual blood stage, such as genes for merozoite formation, protein biosynthesis, vesicular protein transport, and DNA replication. These results strongly suggested that AP2-G2 repressed the program for asexual proliferation, thereby assisting conversion to the sexual stage. In addition, the targets of AP2-G2 included genes specific to the mosquito and liver stages of the parasite. Thus, AP2-G2 may also widely repress genes that are nonessential for gametocyte development or whose expression would impair normal gametocyte development during this period. The morphological divergence of the gametocytes from the asexual stage is followed by a defined period in which the gametocytes do not manifest visible sex-specific morphologies. In P. berghei, the duration of this period is ∼3 h after the divergence from the asexual stage. In Plasmodium falciparum, the duration of this neutral period is at least 24 h (stage II and stage III). We speculate that this period corresponds to the global gene repression period that we have hypothesized here, and we further speculate that the target genes of AP2-G2 are repressed at this point to establish the lineage of the sexual stage. This global suppression might be a step to block the genetic programming of asexual blood-stage parasites and to reprogram them to "primordial gametocytes" from which male and female gametocytes develop, such as in metazoan animals, in which sexually neutral primordial germ cells (PGCs) are initially generated during germ-line formation (12) .
After this initial phase, gametocytes manifest sex-specific traits and develop into male and female gametocytes with distinct gene expression patterns and morphologies, indicating that the expression of sex-specific transcriptional activators, which can only be hypothesized at present, promotes sexual development during this period. The results of the present study suggested that the gametocytes of AP2-G2(−) parasites displayed abnormal morphologies while retaining sex-specific gene expression. The occurrence of this phenotype suggests that transcriptional repression preceding sex-specific transcriptional activation is required for normal gametocyte development. On the basis of the results and inferences discussed above, we proposed a model of gametocytogenesis, which is shown in Fig. 5 .
Global transcriptional repression is generally observed in the initial phase of germ-line formation in metazoan animals (including insects), although the mechanisms of translational repression are variable (13) (14) (15) . In mammals, germ-line formation occurs in the early embryo when a small number of PGCs is specified among embryonic cells with a somatic fate (16) . This type of determination of the germ line, referred to as inductive determination, is thought to be the most ancient mechanism for germ-line formation in animals (17) . The gametocytogenesis of Plasmodium parasites appears to be of this type, because only a small number of blood-stage parasites, most of which repeatedly enter an asexual proliferation cycle, will become gametocytes. In mice, a stage-specific transcriptional repressor (B lymphocyteinduced maturation protein 1, BLIMP1) is expressed as a master regulator (12, 16) and distinguishes the precursors of PGCs from the somatic lineage by repressing genes for somatic differentiation, such as Hox genes. The generated PGCs migrate to the developing gonads, where they differentiate into female or male gametes (oocytes and spermatocytes). Although no clear molecular phylogenetic association pattern exists between AP2-G2 and BLIMP1, the similarities between gametocytogenesis in P. berghei and germ-line formation in mammals underscore the possibility that an evolutionary continuum exists between them, despite their evolutionary divergence. Advances in research on the mechanisms by which transcriptional repression induces dramatic changes in cell fate and, particularly, the epigenetic changes that such repression induces in the genome, may reveal similarities in germ-line formation on the basis of common molecular mechanisms.
In P. falciparum, expression of AP2-G is observed in mature schizonts that have committed to sexual development (7). After infecting new erythrocytes, these parasites are morphologically indistinguishable from asexually determined parasites and eventually begin sexual differentiation in the late trophozoite stage, when AP2-G2 also starts to be observed in the parasite nucleus. Thus, there is a long intervening period between the completion of sexual commitment and the onset of sexual differentiation as well as between the expression of the two transcription factors that are associated with these events. If AP2-G2 is downstream in a transcriptional cascade initiated with AP2-G as suggested (8) , it may be that the expression of AP2-G2 is silenced at a posttranscriptional level during this interval. At present, however, in vivo evidence for the events occurring during this period is still lacking, and further studies are required to elucidate the relationships between these two transcription factors in gametocytogenesis.
In conclusion, we have shown that AP2-G2 is a transcriptional repressor that induces genome-wide transcriptional repression in early gametocytes and contributes to dramatic alterations of cell fate at this stage. We suggest that this global repression of transcription is the initial, essential step for establishing the germ line in the blood stage.
Materials and Methods
Ethics Statement. We performed this study according to the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (18) to minimize animal suffering. These experiments were approved by the animal research ethical committee of Mie University (permit no. 23-29).
Parasite Preparations. Female BALB/c mice (6-10 wk old, Japan SLC) and female Wistar rats (3 wk old, Japan SLC) were infected with the ANKA strain of P. berghei. Ookinete culture for cross-fertilization assays was performed as described (3) . To determine oocyst numbers, infected mice were exposed to Anopheles stephensi mosquitoes. Fully engorged mosquitoes were selected and maintained at 20°C. The number of oocysts was determined on day 14 after the infective blood meal. Fig. 5 . Model of sex-specific gene regulation in malaria parasites. AP2-G2 is expressed before the morphological divergence of gametocytes from asexual blood-stage parasites. AP2-G2 blocks the asexual proliferation program of sexually committed parasites, leading to the establishment of the germline lineage. After the completion of germ-line determination, sex-specific activators are expressed, and gametocytes begin to differentiate into females and males. In parasites in which AP2-G2 is disrupted, even if sex-specific activators are induced, male and female gametocytes degenerate before the manifestation of sex-specific traits because the initial basal state is not generated normally. Collectively, gametocytes first undergo a common suppressive state to establish the lineage of the sexual stage and, subsequently, enter the sex-specific maturation period to differentiate into the sex to which they have committed.
Targeted Disruption of AP2-G2. The construct used for the targeted disruption of AP2-G2 was prepared through PCR by using essentially the same procedure described (3). The primers used in this procedure (primers 1-4) are listed in SI Appendix, Table S14. The correct integration of the targeting construct was evaluated through PCR and Southern blot analyses. DNA fragments for use as Southern hybridization probes were amplified via PCR by using genomic DNA as a template. Gene targeting in the mutant parasite line 820cl1m1cl1 was performed by using the same targeting construct.
Preparation of GFP-Tagged AP2-G2-Expressing Parasites. The preparation of parasites expressing GFP-tagged AP2-G2 was performed essentially as described (3). Briefly, a DNA fragment encoding the C-terminal portion of AP2-G2 was amplified via PCR and inserted into the vector plasmid in frame with the GFP gene. A 3′ terminal fragment of the AP2-G2 gene was also amplified through PCR and inserted into the opposite side of the construct. DNA fragments containing the construct were separated from the plasmid backbone by digestion with restriction enzymes and then used for transfection. The PCR primer pairs that were used to prepare the transfection construct and the Southern hybridization probes are listed in SI Appendix, Table S14 .
Flow Cytometric Analysis. Flow cytometric analysis was performed by using an LSR-II flow cytometer (BD Biosciences) with the following filters and settings: BE 575/26 (RFP)j500j5000; BF 530/30 (GFP)j500j5000; FSCj250j2000; and SSCj200j5000. Cells were selected on the basis of their size by gating first on FSC and SSC and, subsequently, on GFP (male) and RFP (female) (575/26 and 530/30, respectively). Approximately 8 to 12 million cells per sample were analyzed (medium flow speed). The analysis was performed by using the DIVER program (BD Biosciences).
Promoter Assay. The upstream regions of LISP2 and MCAT were amplified from the genome via PCR. The upstream region was inserted upstream of the firefly luciferase gene in the reporter vector pCen-luc, which also contains the Renilla luciferase gene as an internal control and the human DHFR gene as a selectable marker gene, both of which are regulated by the bidirectional P. berghei elongation factor promoter. Parasites were transfected with this construct and were immediately transferred to mice. The infected mice were subjected to pyrimethamine selection (in drinking water) and were further treated with sulfadiazine (in drinking water) to kill the asexual stages. The depletion of asexual stages was checked by using blood smears with Giemsa staining. Luciferase assays were performed by using the dual luciferase reporter assay system (Promega) according to the manufacturer's protocol. Briefly, 10 μL of infected blood was harvested from the tail and subjected to erythrocyte lysis in 0.85% NH 4 Cl. The remaining cells were lysed in 50 μL of 1× passive lysis buffer, and 20 μL of the solution was used in the assay.
Statistical Analysis of Binding Motif.
To identify the sequences enriched around the summits that were predicted by the MACS2 program, Fisher's exact test was performed. The test was applied to each six-base sequence between the 200-bp regions around the summits and 200-bp regions selected randomly from the P. berghei genome, excluding the regions around the summits. The results were ordered according to their P values. To identify the enriched sequences upstream of up-regulated genes in AP2-G2(-) parasites, Fisher's exact test was performed for 1-kb upstream regions of genes up-regulated in AP2-FG(-) parasites and 1-kb upstream regions of all P. berghei genes, excluding the former genes.
Microarray Analysis. To establish synchronous infections in rats, whole blood was harvested from infected rats and then cultured for 16 h. Mature schizonts were purified from the cultures with Nicodenz (Axis-Shield PoC AS) and subsequently inoculated into rats. At 19 hpi, whole blood was harvested from the rats and subjected to erythrocyte-lysis in 0.85% NH 4 Cl. To kill the asexual stages, infected mice were treated with sulfadiazine for 2 d in their drinking water. The microarray experiments were performed by the one-color method as described (5) . The data were analyzed with GeneSpring software (Agilent Technologies). Microarray data have been deposited in the Gene Expression Omnibus (GEO) under accession no. GSE66190.
